Purpose of Review The goal of this paper is to review current literature on nutritional ketosis within the context of weight management and metabolic syndrome, namely, insulin resistance, lipid profile, cardiovascular disease risk, and development of non-alcoholic fatty liver disease. We provide background on the mechanism of ketogenesis and describe nutritional ketosis. Recent Findings Nutritional ketosis has been found to improve metabolic and inflammatory markers, including lipids, HbA1c, high-sensitivity CRP, fasting insulin and glucose levels, and aid in weight management. We discuss these findings and elaborate on potential mechanisms of ketones for promoting weight loss, decreasing hunger, and increasing satiety. Summary Humans have evolved with the capacity for metabolic flexibility and the ability to use ketones for fuel. During states of low dietary carbohydrate intake, insulin levels remain low and ketogenesis takes place. These conditions promote breakdown of excess fat stores, sparing of lean muscle, and improvement in insulin sensitivity.
Introduction
Obesity and the related metabolic syndrome are epidemics in the Western world. Worldwide, obesity has nearly tripled since 1975. In 2016, the WHO reported worldwide adult overweight and obesity rates in excess of 39% and 13%, respectively. In the USA, these staggering statistics include two billion adults and account for over $149 billion health care dollars per year [1] . In parallel, 40% of the population over 60 years old has metabolic syndrome, which is defined by a constellation of symptoms and biomarkers, including at least three of the following: increased waist circumference, elevated fasting blood sugar with insulin resistance, hypertriglyceridemia, low HDL cholesterol, and hypertension [2] . Metabolic syndrome is a systemic inflammatory state associated with a fivefold increased risk of diabetes and a twofold risk of cardiovascular disease (CVD), both of which are increasingly common causes of morbidity and mortality [3] .
Intriguingly, the five main components of metabolic syndrome-obesity, fasting blood sugar, high triglycerides (TGs), low HDL cholesterol, and hypertension-are all improved by carbohydrate restriction, which suggests that carbohydrate intolerance is a common thread. With industrialization, the Western world has had increasing access to processed foods with excess sugar and carbohydrates. In conjunction, we have seen the rates of obesity and overweight skyrocket along with worsening metabolic fitness and increased insulin resistance.
The surge of obesity and metabolic syndrome may both be symptoms of the same problem: excess insulin in the bloodstream to try to mitigate the increasing load of excess sugar in our diet. This paper will go over the biochemistry behind carbohydrate use for fuel and introduce the use of alternative fuel sources like fat-derived ketones. By drastically reducing dietary carbohydrate intake, the process of nutritional ketosis, which can result in a shift in metabolism [4, 5] . Decreased insulin release promotes a metabolic shift toward lipid oxidation and utilization of fatty acids and ketones for energy [6] .
Ketones-an Alternative Fuel Source
As a species, we have metabolic flexibility with the capability to rely on alternative fuel sources for energy. Humans are not dependent on exogenous sources of glucose for optimal function; rather, we have evolved over millennia to adjust to changing conditions and adapt to both scarcity and abundance. As Dr. Randle explained in the Lancet in 1963, "Substrate metabolism in the normal human body is flexible. Our bodies have evolved to utilize different fuel sources depending on their availability." [7] .
As an alternative to glucose utilization, the body can metabolically flex into a state of ketosis, which relies on fatderived ketones produced in the liver to provide fuel to nearly every cell in the body (see Fig. 1 ). Ketones-acetoacetate, beta-hydroxybutyrate, and acetone-are water-soluble molecules produced by the liver from fatty acids when blood glucose and liver glycogen stores have been minimized. Glycogen depletion occurs, and ketone levels rise during periods of fasting, low-carbohydrate intake, intense exercise, and starvation or due to complete lack of insulin in untreated type I diabetes.
Hormonal activation of lipolysis (fat breakdown) and ketogenesis (ketone production) is mediated by epinephrine and glucagon and opposed by insulin. With minimal dietary carbohydrate, insulin secretion is stabilized at lower levels and glucagon release increases. When insulin levels are low, stored fat in adipose tissue undergoes lipolysis via hormone sensitive lipase. In conjunction, glucagon activates lipolysis to release stored fatty acids from adipose tissue and stimulates breakdown of glycogen in the liver [8] . Once liberated, free fatty acids undergo beta-oxidation in hepatic mitochondria to produce both ketones and acetyl CoA-an intermediary substrate between fatty acid oxidation and metabolism of glucose. Acetyl CoA can then enter the citric acid cycle to generate molecules needed to generate ATP via oxidative phosphorylation. Conversely, in response to high blood glucose (i.e., after a highcarbohydrate meal), insulin levels rise and shut off ketogenesis in favor of de novo lipogenesis (fat storage). Thus, ketosis signifies a shift from an insulin-mediated glucosedependent state to an increased ability to use dietary fat and adipose stores for fuel.
Through this process ketones (fat-derived energy) are generated in the liver and then shipped throughout the body to supply energy to the brain, renal cortex, heart, and skeletal muscles [6] . Pioneering work by George Cahill using models of starvation ketosis revealed that the brain has metabolic flexibility and can switch from being a glucose-dependent organ (~150 g/day) to one that derives over two thirds of its energy from ketones [9, 10] . The remainder of glucose needed for the brain and body can be synthesized by the liver via endogenous gluconeogenesis that utilizes glycerol from triglycerides and glucogenic amino acids from protein for glucose production.
Nutritional Ketosis & Ketogenic Diets as Medical Therapy
Original research into a ketogenic diet began in the early 1900s as a way to manage epilepsy and minimize seizure activity. By inducing ketosis, patients had mitigation of seizure activity and improvements in cognitive function, highlighting the capacity for ketones to provide energy to the brain [15••] . From the 1960s onwards, very low-carbohydrate ketogenic diets (VLCKD) have become more commonly known as a methods for obesity treatment. Recent work over the last few decades has provided evidence for the therapeutic potential of ketogenic diets in many pathological conditions, including diabetes, PCOS, acne, neurologic diseases (epilepsy, Alzheimer's, CVA), cancer, and the amelioration of respiratory and cardiovascular disease risk factors [15••] . The possibility that modifying food intake can reduce or eliminate need for medications, which often carry significant side effects, calls for serious investigation. Dietary carbohydrate intake has been studied with variable findings, which is most commonly due to lack of standardization of carbohydrate intake between research protocols the inability to confirm adherence to a ketogenic diet amongst participants.
According to Volek and Phinney [5, 16] , the primary feature of ketogenic diets is the establishment of ketosis and stabilization of insulin levels, which addresses the biomarkers of metabolic syndrome. By reducing insulin elevations, lipids are released from storage and oxidized [17] . As such, ketosis can be used as an indicator of lipolysis [16] . Thus, when looking at studies comparing "low-carbohydrate" diets, it is important to evaluate whether the diet is ketogenic. This body of nutrition literature ranges broadly in its definition of what constitutes "low" carbohydrate intake, with some considering 35% of calories from carbs or less than 140 g/day as the metric. Thus, it is important when evaluating the impact of a VLCKD that the research is done using < 50 g of carbohydrate per day (< 10% kcal) in order to achieve ketosis. Many of the beneficial physiological effects of a ketogenic diet are attributed to the action of the ketones and the metabolic shift to using ketones instead of glucose for fuel. A lack of demonstrable difference between nonketogenic "low-carbohydrate" diets and low-fat diets should not be extrapolated to ketogenic diets [18] . This review will highlight the current understanding of the role of nutritional ketosis for weight control and metabolic management, including diabetes, coronary vascular disease, and non-alcoholic fatty liver disease (NAFLD).
Nutritional Ketosis for Weight Loss
Nutritional ketosis can be defined as the intentional restriction of dietary carbohydrate intake to accelerate the production of ketones and induce a metabolic effect that stabilizes blood sugar, minimizes insulin release, and thereby mitigates the downstream anabolic and tumorigenic effects of longstanding insulin resistance. As described by Volek and Phinney, a "well-formulated" ketogenic diet is composed of 5-10% carbohydrates (< 20-50 g/day), adequate protein (1-1.5 g/kg/day), and fat until satiated. The hallmark of nutritional ketosis is blood ketone levels of 0.5 to 3 mg/dL [11] 1 . After many weeks, "keto-adaptation" occurs, which signifies a shift in preference of the body to adapt and respond to primarily using fat-derived ketones for fuel. One of the potential reasons this occurs is secondary to upregulated transcription of genes that encode the metabolic machinery needed for ketone production, which results increased mitochondrial density in oxidative tissues like the brain and Fig. 1 Ketogenesis, the production of ketones for fuel, is a normal, physiologic process that occurs via hepatic beta-oxidation of free fatty acids in the mitochondria of liver cells. Energy stored as fat in adipose tissue is liberated to acetyl-CoA and converted to ketones. Extra-hepatic tissues are able to undergo ketolysis and convert ketones back to acetylCoA which enters the TCA cycle and is used by the mitochondria to generate ATP for energy muscle. Mouse studies suggest that this may occur via increased mitogenesis or decreased mitochondrial damage [12, 13] . Additionally, ketones are capable of inducing epigenetic regulation via histone deacetylation inhibition indicating that they are a signaling molecule in addition to an energy source [14] . This area of research is outside the scope of this review, but ketones acting as signaling molecules may account for many of the metabolic changes seen in patients on a ketogenic diet.
In a systematic review with meta-analysis, Bezerra Bueno et al. reviewed 13 randomized controlled trials (RCT), which included a total of 1569 subjects and compared VLCKD (< 50 g carb/day) with low-fat diet (LFD, < 30% kcal from fat) in overweight and obese adults [19] . The included RCTs had a minimum follow-up of 12 months. The primary outcome for their meta-analysis was body weight; secondary outcomes included lipid profile (triglycerides, HDL, LDL), systolic and diastolic blood pressure, fasting blood sugar, insulin, HbA1c, and CRP. Analysis revealed that VLCKD achieved greater long-term reductions in body weight, triglycerides, and diastolic blood pressure and greater increases in HDL and LDL cholesterol compared to a low-fat diet [19] . Similar findings were reached in another meta-analysis performed by Santos et al. [20] .
One proposed mechanism for the beneficial effect of a VLCKD on body weight may be due to modulation of resting energy expenditure. Ebbeling et al. assessed the effects of dietary composition on energy expenditure during weight loss and maintenance. Under isoenergetic conditions, they found that a carbohydrate-restricted diet was better than LFD for maintaining basal metabolic rate [21] . Likewise, Westman et al. attributed some of the beneficial appetite suppressant and satiating effects of a VLCKD to reduction in insulin levels [10] ; several studies have shown that insulin may increase food intake [22, 23] . In insulin-sensitive individuals, insulin may act as a satiety hormone; however, in insulin-resistant states, the transiently high levels of insulin stimulated in response to a meal may illicit a compensatory hypoglycemic response that ultimately leads to increased consumption of food. Or, alternatively, it may not be adequate to stimulate satiety centers in the brain that normally act as an adiposity signal to determine food intake [24] . Thus, foods with high insulin responses may be less satiating in this population [25] ; to further this supposition, suppression of insulin with octreotide has been shown to lead to weight loss [10, 20] . Not surprisingly, the relationship between dietary carbohydrate intake and metabolic syndrome is complexly intertwined due to the important hormonal and regulatory roles performed by insulin, lipoproteins, and inflammatory markers (e.g., adiponectin, leptin) [26, 27] .
In a meta-analysis comparing low-carbohydrate and LFD interventions for overweight and obese adults, SacknerBernstein and colleagues reviewed 17 RCTs (total of 1797 subjects). Baseline demographics, caloric intake, and completion rates were similar between the different groups. For the low-carb group, the mean daily intake of macronutrients was 60 g of carbohydrate (95% CI 44, 76), 90 g of fat (95% CI 77, 104), and 106 g of protein (95% CI 77, 104). The low-fat group was composed of 205 g of carbs (95% CI 186, 225), 37 g of fat (95% CI 32, 42), and 70 g of protein (95% CI 64, 76). Each diet was associated with significant weight loss and reduction in predicted risk of coronary events, but the lowcarbohydrate group had a statistically significantly greater improvement in both [28] .
One of the benefits of nutritional ketosis for weight loss may be attributed to the appetite suppressant effects of ketone bodies [29] . Several studies have shown a spontaneous reduction in calorie intake on VLCKD with carbohydrate intake restricted to 5-10% of kcal (approximately 20-50 g) [29] [30] [31] . A controlled feeding study assessing hunger levels found that despite significant caloric restriction, severely obese participants on a VLCKD reported hunger levels similar to participants consuming a low-fat diet containing an additional 1000 kcal [32] . Another study by Johnstone et al. used the Eating Inventory, a validated questionnaire that focuses on hunger and cognitive restraint from eating, and reported that hunger was reduced by 50% after 1 week of a low-carb diet [33] . This phenomenon is corroborated by studies that link diet macronutrient composition to ad libitum energy intake.
Laboratory-based and free-living studies have identified protein as a potentially more satiating macronutrient. To evaluate the impact of ketogenesis on diets with equal protein content, Johnstone et al. placed participants on either a highprotein, low-carb ketogenic diet or a high-protein, moderatecarb, non-ketogenic diet for 4 weeks; participants felt significantly less hungry on the ketogenic diet (p = 0.014) [29] . In addition to decreased hunger, the high-protein, lowcarbohydrate group had significantly lower average ad lib energy intake (p = 0.02) and greater weight loss (6.34 kg vs. 4.35 kg, p = 0.006). The authors posited that the effects may be due to the increased metabolic costs of gluconeogenesis and thermic effects of proteins [34] [35] [36] [37] .
Participants on ketogenic diets have a tendency to maintain lean body mass with preferential loss of fat mass, independent of exercise. [33] Due to this observation, there is interest into the use of ketogenic diets for shifting body composition and application during exercise. The majority of studies that have attempted to look at the role of low-carbohydrate diets and exercise performance have not examined truly ketogenic diets (carbohydrate intake too high to promote ketone synthesis), they have not been long enough to allow for muscle metabolism to adapt to ketone utilization, they focused solely on endurance and not on resistance training, or they were [38, 39] . Further, the existing studies that have investigated the relationship between a ketogenic diet and exercise have suggested that there may be a performance advantage to the ability to use fat oxidation for fuel in those who also trained in a chronically low insulin state, like the conditions of nutritional ketosis [40] . Clearly, this is an area that needs further investigation.
In regard to endurance, Phinney et al. showed that highly trained cyclists maintained their physical ability following 4 weeks on a ketogenic diet. Likewise, similar results were obtained in an obese cohort [30, 41] . These participants were able to increase fat oxidation during exercise while on a ketogenic diet compared to a high-carbohydrate, standard diet. In a recently published experiment, Wilson et al. investigated the effects of a ketogenic diet compared to a Western diet on adaptions to resistance training and found favorable body composition changes in the ketogenic diet group with similar increases in muscle strength and power as compared to the Western diet [38] . This group also performed a 6-week study looking at muscle glycogen in a rodent model using ketogenic vs. Western diets and found no significant difference in muscle glycogen content despite significantly lower intake of carbohydrate in the ketogenic group [42] . Conflicting reports on muscle glycogen while on ketogenic diets may be confounded by relatively short intervention periods that do not allow for the metabolic adaptations that occur over extended periods of nutritional ketosis and may impact muscle glycogen maintenance [43, 44] . Research is ongoing and needed in this area before conclusive recommendations can be made for ketogenic diets and exercise performance, but findings thus far are intriguing.
Nutritional Ketosis for Metabolic Syndrome

Lipid Profile and CVD
Reduction of carbohydrates to induce nutritional ketosis can result in significant improvements to blood lipid profiles, even in the setting of increased saturated fat intake. The main improvements in lipid biomarkers include the following: marked reduction in plasma triglyceride levels, significant positive effects on total cholesterol reduction, increased HDL cholesterol, and a shift in size and volume of LDL particles [15, [45] [46] [47] . In a 12-week study that randomized 40 overweight subjects with atherogenic dyslipidemia to either a carbohydrate-restricted (%carb:fat:protein = 12:59:28) or a low-fat diet (56:24:20), Volek et al. demonstrated that subjects who followed the carbohydrate-restricted diet had greater reductions in their fasting triglyceride levels and higher HDL, with a more pronounced HDL effect seen in women [5] . Furthermore, those following the carbohydrate-restricted diet demonstrated lower fasting triglyceride levels after an oral fat load consisting primarily of saturated fats [5] . The objective was to evaluate the impact on parameters of the metabolic syndrome and associated CVD risks. The carbohydraterestricted group consistently demonstrated weight loss (− 10%) and decreased adiposity (− 14%), reduction in fasting glucose (− 12%) and insulin (− 50%), reduction in triglycerides (− 51%), and an increase in HDL (+ 13%) [5] . Perhaps, most interesting was the effect on low-density lipoproteins; they observed a shift from smaller, more dense LDL particles that are more atherogenic, to larger LDL particles after a carbohydrate-restricted diet (mean LDL particle size increased by both PAGE and NMR) [5] . They also showed a decrease in RBP4 (retinol-binding protein 4), a marker that is thought to be closely related to insulin resistance [5, 48] , which further supports their proposition of insulin flux being the primary mediator of metabolic syndrome. Many of the changes in lipid profile were thought to be independent of fat loss and were attributed to a reduction in insulin [5] . Limitations of this study include its small sample size and short duration. However, similar results were found in a multi-center, RCT spanning 2 years that compared a low-carbohydrate diet to a low-fat diet in approximately 300 participants. The lowcarbohydrate group exhibited greater reductions in triglyceride level and VLDL level at 6 months, when compared to the low-fat group. In addition, they demonstrated a more significant increase in HDL that was sustained throughout the 2-year trial [49] . Further studies have shown promising results of the impact of ketogenic diets on parameters of metabolic syndrome [19, 50] , triglycerides, and HDL [51] [52] [53] [54] .
As mentioned above, several studies have demonstrated a correlation between carbohydrate intake and size and density of LDL particles, a relationship that appears even more robust in individuals with diabetes [5, 55] . Smaller and denser LDL particles are known to be directly associated with a significant increase in risk of cardiovascular disease. The positive lipid effects of VLCKD are explained by the principles and driving forces behind lipoprotein turnover. Elevated plasma triglyceride levels are correlated with a shift toward smaller, dense LDL particles via cholesterol esterification of abundant VLDL particles [46, 55] . In controlled amounts over short periods of time, insulin normally acts to suppress VLDL production; however, with prolonged secretion in the setting of persistent hyperglycemia, hyperinsulinemia leads to hepatic insulin resistance and an increase in triglyceride-rich VLDL particles. This subsequently decreases HDL and promotes small, dense atherogenic LDL particles [55] [56] [57] . Not only does hyperinsulinemia contribute to triglyceride-rich lipoprotein production, but it also stimulates hepatic de novo lipogenesis and triglyceride synthesis and can inhibit VLDL clearance [5, 58] . Furthermore, insulin plays a role in the synthesis of endogenous cholesterol, via direct diet-related activation of HMGCoA reductase. Increase in plasma glucose and insulin in response upregulates the activity of HMGCoA reductase, thereby increasing endogenous cholesterol synthesis [15] . On the contrary, a reduction in dietary carbohydrate has the opposite effect on HMGCoA reductase and, in concert with the negative feedback inhibition provided by dietary cholesterol and fats, may be the mechanism through which nutritional ketosis can improve lipid profiles. In the setting of low insulin and acetyl CoA abundance, mitochondrial HMGCoA lyase is able to divert HMGCoA toward the production of ketone bodies instead of toward cholesterol synthesis (see Fig. 1) .
A major concern from opponents of the ketogenic diet stems from the faulty theory that a significant increase in dietary fat consumption leads to a negative impact on blood lipid levels. In the 1970s, the "diet-heart hypothesis" was introduced, which suggested that dietary saturated fat consumption correlated with plasma cholesterol and increased risk of cardiovascular disease [59] . However, to date, there has been no proven causative effect between saturated fat and cardiovascular disease [60, 61] . This compelling argument against critics of the ketogenic diet was illustrated by Feinman et al. in a systematic review of the dietary impact of nutritional ketosis on type 2 diabetes in which they pointed out the weak association between dietary fat intake and risk for cardiovascular disease [58] . Furthermore, the macronutrient composition of these diets, including the type of fat consumed (e.g., saturated, monounsaturated, polyunsaturated) and protein intake, varies from study to study which makes comparisons challenging [62] . Similarly it is important not to make conclusions based on these studies that did not characterize the type of LDL particles (i.e., small dense vs. large), which impacts their atherogenic potential.
Glycemic Control, Insulin Sensitivity, and Diabetes
The management of plasma glucose and modulation of insulin's effects on lipid metabolism are important targets in the treatment of diabetes and the prevention of comorbid conditions, including systemic microvascular complications. Insulin resistance is associated with increased hepatic lipid accumulation, production of VLDL, and gluconeogenesis [57, 63] . Insulin resistance is a complex metabolic state that affects energy utilization and stimulates "ectopic" fat deposition in non-adipose organs, notably skeletal muscle, the heart, and the pancreas [52, 62, 64] . At the level of skeletal muscle, it hinders the ability to take up plasma glucose, which results in glucose diversion to the liver where it is converted to and stored as fat [15, 63] . In contrast, nutritional ketosis reduces insulin levels thereby suppressing lipogenesis [15] .
In addition to the positive impact on weight management, nutritional ketosis can improve glycemic control and reduce medication usage. As early as 1983, Phinney et al. conducted a RCT that demonstrated the ability of VLCKD to reduce serum glucose and improve overall glucose metabolism [65] . Saslow et al. randomized 34 overweight and obese individuals to a VLCKD or moderate-carbohydrate, calorierestricted (MCCR) low-fat diet. At 12 months, participants on VLCKD demonstrated a greater reduction in hemoglobin A1c compared to the MCCR group, and VLCKD were able to reduce anti-diabetic medications [66•]. Dashti et al. placed 64 obese diabetic and non-diabetic subjects on a VLCKD and observed a sustained reduction in blood glucose levels after 56 weeks [52] . A similar study on VLCKD in 66 obese individuals with either high or normal cholesterol demonstrated a significant decrease in blood glucose at 56 weeks [51] . Another small study of 10 obese, diabetic patients who followed a low-carbohydrate diet for 2 weeks demonstrated lower fasting plasma glucose, improved insulin sensitivity, and a decrease in diabetes medication requirements [53] . This trial was limited by small sample size, short duration, and inability to extrapolate the results as the study was performed in the inpatient setting. A larger study of 363 overweight and obese patients, including 102 diabetics and 261 non-diabetics, compared a low-calorie diet to a VLCKD and demonstrated a significantly greater reduction in blood glucose and hemoglobin A1c at 24 weeks in the VLCKD group [67] . In a systematic review and meta-analysis of 20 RCTs (over 3000 participants), Ajala et al. compared four diet groups (low-carbohydrate, low glycemic index, Mediterranean, and high-protein diets) and observed a significant decrease in hemoglobin A1c in the low-carbohydrate group compared to the other diets [54] . This study, however, had its own limitations including heterogeneity and confounding as a result of variable control diets for comparison, differing baseline patient characteristics, and wide range in study durations.
In type 2 diabetic patients, VLCKD are associated with decreased need for exogenous insulin; increasing ketone levels are inversely related to levels of hepatic glucose generation, suggesting that higher levels of ketones are associated with improved glycemic control. Accurso et al. showed that type 2 diabetes patients on a VLCKD (< 20 g/day) compared to usual high-carb diet had much less insulin released in response to a meal and required less insulin to achieve and maintain a lower blood glucose level. Together, this implies that the VLCKD resulted in greater insulin sensitivity and better glycemic control despite needing less insulin to reach the targeted blood sugar. Significantly, over half of the patients in this trial were able to stop or decrease their diabetic medications after switching to the VLCKD intervention [68] . Similarly, McKenzie et al. enrolled 262 subjects with diabetes in an outpatient program with nutrition counseling, behavioral modification, digital education, and physician-assisted medication management. After 10 weeks, re-evaluation was notable for consistent carbohydrate restriction as evidenced by mean beta-hydroxybutyrate levels, reduction in hemoglobin A1c, and decrease in dose and number of diabetic medications [69] . In a prospective, 1-year open-label, non-randomized, controlled study, Bhanpuri et al. evaluated a continuous care intervention for diabetes using nutritional ketosis as compared to usual care (262 and 87 participants, respectively). The nutritional ketosis group had improved biomarkers of CVD risk at 1 year, including improvements in lipid profile and LDL particle size, decreased blood pressure, and inflammation [70•] . Similarly striking findings were published in a 2018 paper by Hallberg [71] and colleagues using the same cohort. After one year, participants decreased HbA1c from 7.6% down to 6.3% while simultaneously reducing usage of all diabetes medications combined (excluding metformin) from approximately 60% to 30%. Remarkably, 40% of participants eliminated the need for exogenous insulin and the remaining 60% of insulin users reduced daily dosage by half (approximately 100 units down to 50 units daily). The control group continued with their usual care and did not exhibit any of these benefits.
Of note, while most studies have been conducted in the type 2 diabetic population, there is no contraindication to pursuing nutritional ketosis for the management of type 1 diabetes. It is important, however, due to the different pathophysiology of these two diseases to embark upon a nutritional ketosis dietary intervention under the guidance of a medical professional. It is quite common to need decreasing levels on both bolus and basal insulin while in ketosis, so it is prudent to have appropriate monitoring to avoid the complications of unrecognized hypoglycemia [72] . In a 2018 study of adult type 1 diabetics adhering to a ketogenic diet (as measured by plasma B-hydroxybutyrate levels) for a mean of 2.6 years, researchers concluded that a ketogenic diet for type 1 diabetics leads to excellent HbA1c (mean 5.3 ± 0.4%) with minimal glycemic variability [72] . However, they did note episodes of hypoglycemia as detected by continuous glucose monitoring, which highlights the need for adequate monitoring. Most trials looking at both low-carbohydrate and ketogenic diets in type 2 diabetics note a decrease in HbA1c that reflects the lower glycemia values in response to both decreased intake of carbohydrate and increased insulin sensitivity (demonstrated by decreased excursions in blood sugar and lower glycemic variability); [73] this would be expected to similarly occur in type 1 diabetics. A systematic review published in March 2018 surveyed the existing literature and demonstrated the need for well-designed intervention studies to evaluate the effects of ketogenic diets in type 1 diabetics. While the existing literature is promising, there are only a few trials that have examined the relationship in this population [74] . Furthermore, evidence suggests that the cardiovascular side effects of type 1 diabetes may be secondary to upregulation of one of at least ten ketone-sensitive enzymes, namely HMG-CoA synthase 2, which may provide a protective mechanism by which ketosis can decrease incidence of CVD in type 1 diabetics [75] . (As demonstrated in Fig. 1 , HMG-CoA is one of the intermediates in the synthesis of ketones from acetyl CoA. Not depicted: During increased ketone synthesis, HMG-CoA synthase is activated, which in turn decreases the amount of HMG CoA available for the cholesterol synthesis pathway via HMG CoA reductase (i.e., target of statins).)
Hepatic Steatosis (NAFLD)
NAFLD-the hepatic manifestation of metabolic syndromeis characterized by hepatic steatosis in the absence of other well-known forms of hepatic injury such as excessive alcohol consumption, viral infection, autoimmune disease, or toxic (e.g., medication) insults [56] . NAFLD encompasses a wide spectrum of hepatic disease states from simple steatosis to advanced, fibrotic liver disease [63] . Non-alcoholic steatohepatitis (NASH) is a more concerning form of NAFLD that is characterized by hepatocyte ballooning, inflammatory infiltrate, and various stages of fibrosis often leading to advanced liver disease (e.g., cirrhosis and hepatocellular carcinoma) [56, 57, 63, 76] .
NAFLD is thought to be a negative consequence of ectopic hepatic lipid accumulation, in the setting of insulin resistance, as discussed above [26, 57, 62] . Steatosis-characterized by triglyceride deposition in hepatocytes-underscores the close connection between visceral adiposity, NAFLD, and the carbohydrate-laden, high-fat Western diet [63] . Visceral adipose deposition stimulates inflammatory cytokine release and systemic insulin resistance, and diets high in both fat and simple carbohydrates lead to free fatty acid delivery to the liver, stimulating de novo lipogenesis, oxidative stress, and lipo-toxicity [57, 63] .
A small, 2-week clinical trial randomized 18 subjects with NAFLD to a carbohydrate-restricted diet or a calorie-restricted diet and witnessed a greater reduction in intra-hepatic triglyceride content in the carbohydrate-restricted arm [77] . In a more extensive review, Yki-Jarvinen et al. evaluated recent studies comparing the impact of various diets on hepatic fat and insulin sensitivity, while controlling for calorie content. Results were inconclusive and showed a decrease in liver volume in the hypocaloric low-carbohydrate ketogenic diet when compared to standard diet. However, between isocaloric groups, a greater decrease in liver fat content was seen with low-fat, high-carbohydrate diets (16-23% fat, 57-65% carb) compared to low-carbohydrate, high-fat diets (43-55% fat, 27-38% carb) [57] . An important caveat to these results is that the low-carbohydrate group was not following a ketogenic diet, so it would be unwise to prematurely attribute this discordant result to dietary fat intake without conducting a similar experiment evaluating isocaloric nutritional ketosis.
Most of the studies reviewed were limited by small sample size and short duration of follow-up, which reinforces the scarcity of literature studying the association between ketogenic diets and NAFLD and its long-term clinical implications.
Conclusion
Compelling evidence exists for the use of nutritional ketosis for the management of weight and the components of metabolic syndrome. Through the utilization of alternative fuel sources, namely ketones, we can capitalize on the antagonistic relationship of high glucagon and low insulin levels that promote breakdown of fat for fuel, sparing of glycogen in muscles, and de novo gluconeogenesis as needed. Further research is needed into long-term adherence and practicality of VLCKD, but the current results are promising for weight management, lipid profiles, and insulin sensitivity.
